The magneto-transport properties of (111)-oriented single-crystal thin films of SnTe were investigated. SnTe (111) thin films were epitaxially grown on a BaF 2 substrate by molecular beam epitaxy. By optimizing the growth conditions and the thickness of the films, the bulk carrier density could be reduced, making it possible to detect the surface transport. Magneto-conductance (MC) measurements show a cusp-like feature around zero magnetic field, which is attributed to the weak-antilocalization effect of the transport in the topological surface state. Detailed analysis of this negative MC reveals a reduced number of transport channels contributing to the surface transport, suggesting strong coupling between Dirac valleys on the SnTe (111) surface, as a characteristic feature of the transport in the multivalley structure of topological crystalline insulators.
Introduction
Topological insulators (TIs) have continued to attract attention due to the emergence of surface metallic states, termed topological surface states (TSSs), which exhibit peculiar properties such as massless fermions on the Dirac-shape band dispersion, and spin-momentum locking [1] [2] [3] . Recent explorations of novel TI materials have opened the door to studies of a new type of TI termed topological crystalline insulators (TCIs), in which the TSSs are protected by the mirror reflection symmetry of the crystal structure [4, 5] , instead of the time reversal symmetry that is operative in conventional TIs.
SnTe is anticipated to function as a typical TCI material, in which the topological protection is due to the mirror reflection symmetry with respect to the set of six {110} planes of the rock-salt crystal structure. For SnTe, TSSs are theoretically expected for the {100}, {111}, and {110} planes. Experimentally, SnTe [6] and Nano Res. 2016, 9(2): 490-498 related mixed crystals such as (Pb,Sn)Se [7] have been confirmed to be TCIs with the observation of the Diracshape surface band via angle-resolved photoemission spectroscopy (ARPES). In the case of (Pb,Sn)Se, a TSS was also confirmed by mapping the orbital texture using scanning tunneling microscopy (STM) [8] . In addition, the characteristic transport properties of the TSSs, such as Shubnikov-de Haas (SdH) oscillation and Altshuler-Aronov-Spivak (AAS)/Aharonov-Bohm (AB) effects, have been reported in nanowires [9] , SnTe (111) films grown on the conventional TI material Bi 2 Te 3 [10] , and SnTe(100) films grown on a trivial insulator BaF 2 [11] .
In the present study, we investigate electron transport in the TSS of SnTe (111) thin films grown on a BaF 2 substrate by molecular beam epitaxy (MBE) [12] . Generally, transport experiments with SnTe have been regarded as a difficult task due to the high-density of holes in the bulk, originating from Sn vacancies. Nevertheless, we have succeeded in suppressing the contribution of bulk transport by optimizing the growth conditions and the thickness of the films. From transverse magneto-conductance (MC) measurements, we observed a sharp cusp near zero field, which is attributed to the weak antilocalization (WAL) effect arising from the accumulation of the  Berry phase during the transport of carriers in the Dirac valleys on the SnTe (111) surface. Analysis of the WAL effect reveals coherent coupling between these valleys, which is considered to be a characteristic feature of surface states having the multivalley structure in a TCI.
Experimental
Thin films of single-crystal SnTe were grown on a BaF 2 (111) substrate by MBE equipped with a compound source of SnTe. A BaF 2 substrate was introduced into a vacuum chamber after degreasing with acetone and was heated to 300 °C and maintained for 1 h for thermal cleaning. SnTe was then deposited on the surface at a substrate temperature (T S ) of 250 °C . At this growth temperature, the single-crystal SnTe layer was epitaxially grown in the (111) orientation. The T S window for the growth of the single-crystal layer was found to be relatively narrow; deposition at a lower T S resulted in mixed regional growth both in the (111) and (001) orientations. On the other hand, SnTe was not deposited at a higher T S . At an optimal temperature of T S = 250 °C , we could obtain a SnTe (111) epitaxial layer with a relatively low hole density, as demonstrated below. During the growth process, the surface was monitored by reflection high energy electron diffraction (RHEED). After the growth process, the crystal structure of the grown films was evaluated by X-ray diffraction (XRD) and the surface morphology was examined by atomic force microscopy (AFM). The electron transport measurements were performed in the standard four-probe or van der Pauw configuration with electrodes fabricated by soldering indium on the surface of the SnTe layer. In the present article, we describe the results for two films, samples A and B, with different thicknesses of 46 and 74 nm, respectively, which were grown under exactly the same conditions.
Results and discussion
Figures 1(a) and 1(b) show the results of RHEED and AFM observations for samples A and B. The streak pattern of the RHEED images suggests that the SnTe surface is flat on the atomic length scale, but the surface morphology observed by AFM exhibits a characteristic structure comprising coalesced flat terraces extending over a few hundred nanometers. Though there may be some effects due to the scattering of carriers at the boundary between the terraces, it is expected that carrier transport within the respective terraces dominates the overall transport properties of the grown films. The data from the XRD 2- scans shown in Fig. 1(c) indicate that SnTe was grown only in the (111) crystallographic orientation, without the mixture of regions formed in the other orientations, such as the (100) direction.
Figure 2(a) shows the temperature dependence of the resistivity of samples A and B. As shown in the figure, both films exhibited metallic temperature dependence with an almost monotonic decrease in the resistivity with decreasing temperature, which has also been reported for SnTe films grown on Bi 2 Te 3 [10] . The resistivity of sample A (46 nm thick) was larger than that of sample B (74 nm thick) by a factor of ~7 over the entire temperature range. In order to Nano Res. 2016, 9(2): 490-498 estimate the carrier density and mobility, we performed Hall measurements under a magnetic field of up to 8 T. The Hall conductance (G xy ) was deduced from the Hall resistance (R xy ) and the sheet resistance (R S ) by using the Drude conductance tensor as shown in Eq. (1)
As shown in Fig. 2 (b), the deduced Hall conductance, G xy , exhibits a non-linear dependence on the applied magnetic field, B. To fit these non-linear curves of G xy (B), we used the Drude expression of the Hall conductivity (Eq. (2)) [13] [14] [15] 
where n H and  H represent the Hall carrier density per unit area (2D carrier density) and the Hall mobility, respectively. By using Eq. (2), we could achieve a reasonably good fit, as represented by the fitted curves Nano Res. 2016, 9(2): 490-498 indicated by green lines in Fig. 2(b) . The values of the parameters obtained from the fitting are listed in Table 1 . The obtained value of the Hall carrier density of 1.0  10 18 cm -3 for sample A is the smallest value ever reported for SnTe films grown on a BaF 2 substrate [11] . Assuming that the obtained value of the Hall carrier density is equivalent to that of the carriers in the bulk, the position of the Fermi level is estimated to be roughly 22 or 113 meV below the top of the valence band in samples A and B, respectively, using the band model described in Ref. [16] . The significant reduction of the hole density in sample A with a smaller thickness may possibly be due to the depletion of holes at the region near the surface [17] , resulting in a relatively large contribution of the surface carriers to the electrical transport, in contrast to the still dominant contribution of the bulk carriers in sample B with a larger thickness.
Here, we discuss the quantum features of the surface transport observed in the magnetoresistance (MR) measurement. The angle-dependent MR was measured under a magnetic field of up to 8 T using a Quantum Design PPMS system equipped with a rotational sample holder. From the obtained longitudinal (sheet) resistance, R xx (B, θ), at a magnetic field B applied at an angle θ against the film surface (see inset in Fig. 3(a) ), we derived the MC, G(B, θ), which is the difference in the conductance at a given field B from the value at zero field, defined as
In the MC curves presented hereafter, we subtracted a component of the odd function of the magnetic field, which originates from the voltage due to a small deviation of the alignment of the electrodes. In Fig. 3, G(B, θ) is plotted against B at the respective values of θ. As shown in the figure, the curves of G(B, θ) exhibit cusp-like behaviors, that is, a rapid decrease of the conductance with the application of a small magnetic field for all values of θ. This MC is attributed to the WAL effect of the carrier transport [18] . The WAL effect is recognized as one of the features of quantum transport in the diffusive transport regime, arising from wavefunction interference. During transport of the TSSs, a shift of  in the Berry phase arises from the spin-momentum locking effect for an electron (or a hole) traveling along a self-intersecting path, which causes a destructive interference of the wavefunction, leading to an enhancement of the conductivity [19] . Application of a magnetic field perpendicular to the closed path causes this interference effect to fall off, leading to a Table 1 Hall carrier density (n H ) and Hall mobility ( H ) of samples A and B, obtained from the fitting of the curves of the Hall conductance (G xy ) as a function of the magnetic field (B) (Fig. 2(b) ). The values of the Hall carrier density (n H ) were converted to the density per unit volume 3D carrier density (cm Nano Res. 2016, 9(2): 490-498 reduction of the conductivity. The observed negative MC under a magnetic field perpendicular to the film plane (θ = 90) is consistent with the WAL effect in the transport of TSSs. On the other hand, as shown in Fig. 3 , a negative MC was observed even under a magnetic field parallel to the film plane (θ = 0). This negative MC at θ = 0 could be attributed to the WAL effect of the three-dimensional (3D) transport of the bulk carriers [20, 21] . Even in a trivial system, the WAL effect arises from destructive interference, similar to the case of TSSs, in the presence of strong spin-orbit interaction. In the case of 3D transport in the bulk, the WAL effect should appear irrespective of the direction of the magnetic field [22] . Therefore, it can reasonably be assumed that the MC under an in-plane magnetic field reflects the WAL effect of 3D transport only, while the MC under a perpendicular field reflects the WAL effect of 2D as well as 3D transport. If we neglect the dependence of the 3D WAL effect on the applied magnetic field direction, the MC component arising from the 2D WAL effect can be extracted by subtracting the MC under an in-plane magnetic field from that under a perpendicular field [22] . Figure 4 shows the result of the above subtraction, wherein G(B, θ) -G(B, 0) is plotted against the component of the magnetic field perpendicular to the film plane, B sinθ. The curves of the subtracted MC component show an initial decrease with an increase of B sinθ, followed by an increase above a certain value of B sinθ, indicating the existence of both negative and positive MC components. As seen in the figure, the declining region of the MC curves for the respective values of θ collapse onto a universal curve, suggesting that the negative MC component originates from the 2D WAL effect of the TSS [22] . On the other hand, the positive component may be attributed to the weak localization (WL) effect of the transport in the bulk sub-band formed at the surface, having two-dimensional (2D) character, which we will discuss later.
According to the theory of quantum correction of the 2D diffusive transport, the negative MC due to the WAL effect is given by the Hikami-Larkin-Nagaoka (HLN) equation [18] In the TSS of SnTe (111), four valleys (Dirac cones) exist on the surface Brillouin zone (BZ), one in the  point, and three in the M point, the four L points in the 3D BZ being projected along the [111] direction [23, 24] . If these valleys on both sides of the surface contribute to the transport as independent channels, the total number of valleys is eight, and thus  = -4 is expected. On the other hand, the absolute values of  obtained from the fitting, || = 0.51 for sample A and || = 0.34 for sample B, are much smaller than the above expectation, which suggests that the number of effective transport channels is reduced due to coupling between these valleys. If the carriers are scattered from one valley to another while maintaining their coherence, these valleys are coupled and contribute to the transport as a single transport channel [11, 25] . Coupling may be possible between valleys on the same surface (intra-surface coupling), between valleys on another surface (inter-surface coupling), and between valleys on the surface and in the bulk state (surfacebulk coupling) [11] . Following the above picture, the obtained value of || = 0.51 for sample A can be interpreted as a result of coupling of all the valleys on both surfaces into one single channel. On the other hand, the smaller value of || = 0.34 for sample B, which indicates that the number of effective channels is less than one, could not be explained only by the coupling between the valleys. This may suggest the contribution of a positive MC due to the WL effect in the bulk sub-band formed at the surface. The bulk band is split into 2D sub-bands due to quantum confinement along the perpendicular direction of the layer, and these bulk sub-bands may give rise to the WL effect, instead of the WAL effect, even in the case of a topologically non-trivial material, as discussed in Ref. [26] . Therefore, the observed MC is considered to be the superposition of the negative and positive MC components, arising from the WL and WAL effects in the surface and the bulk sub-band transport, respectively. This would provide an explanation for the inflected shape of the observed MC curve and the apparently smaller value of || than expected from the number of transport channels as a result of the cancellation between the positive and negative MC components [26] .
The variation of above features of the 2D transport with the measurement temperature was then evaluated. . From the fitting to a linear dependence in Fig. 6(a) , we obtained  = 0.51 for sample A and  = 1.4 for sample B. According to the theory of diffusive transport [27, 28] , l  shows different power-law dependences on temperature based on the mechanism of phase breaking scattering;  = 1 should be obtained for electron-phonon scattering, and  = 0.5 should be obtained for electron-electron scattering.
The experimentally obtained value of  = 0.51 for sample A suggests that electron-electron scattering is the dominant mechanism of phase decoherence [29] .
On the other hand, the value  = 1.4 for sample B does not match the value deduced from the theory. In the MC curves plotted in Fig. 5 , the negative MC component falls rapidly with increasing temperature, making it difficult to distinguish this component from the positive MC component. Therefore, the fitting to the HLN equation may be affected by the superposition of the positive MC component. The temperature dependence of  shown in Fig. 6(b) also exhibits different behaviors for the two samples. For both samples, || decreases with increasing temperature, but the decrease of || for sample A is almost monotonic, as shown in the figure. This decrease in || for sample A can be attributed to enhanced coupling between different transport channels [30] ; as the coherent scattering of carriers between transport channels increases with an increment of the temperature, the coupling is enhanced, Nano Res. 2016, 9(2): 490-498 resulting in a decrease of ||. On the other hand, for sample B, || drops suddenly as the temperature increases from 4 to 4.5 K, but does not change much with further increment of the temperature. As discussed previously, even at the lowest temperature of 4 K, the value of || is already smaller than 0.5 as a result of the cancellation of the negative and positive MC components arising from WAL and WL [26] . With increasing temperature, the coupling between the conduction channels is expected to be enhanced for both the channels contributing to the WAL and WL effects, which results in a further decrease in the apparent value of ||.
Conclusions
In conclusion, we have investigated the transport properties of the TSS in SnTe (111) thin films grown on a BaF 2 substrate by MBE. By controlling the growth conditions, we successfully fabricated epitaxial films grown only in the (111) orientation. MR measurement showed a negative MC near zero field, which is attributed to the WAL effect arising from  shift in the Berry phase during TSS transport. Analysis of the dependence of the observed negative MC on the applied magnetic field direction facilitated extraction of the 2D component of the MC and deduction of the phase coherence length l  and the coefficient  related to the number of transport channels from the fitting to the theoretical equation. The absolute value of  deduced from the fitting is much smaller than expected from the number of valleys in the TSS of SnTe (111), suggesting strong coupling between the valleys, which is considered to be characteristic of the 2D transport of TSSs with the multivalley electronic structure in TCI. 
